The effect of friction on the wear of engineering polymers is a complex and intricate consequence of the micro-and macroscopic interactions of surfaces moving against one another. Friction and the resulting wear are not material properties of plastics; therefore, they cannot be reduced to tabular data of material characteristics that can be found in relevant manuals. Determining friction and the resulting wear involves more complex examination because they are characteristics of a frictional contact system where the effects of the entire system are manifest. Precise knowledge of system conditions is essential to evaluate the friction and resulting wear [1] . These materials have system-dependent tribological behaviour; thus, trends can be defined at a given condition, and the materials can be compared. The system approach is well-known from the literature [2, 199 An engineering approach to dry friction behaviour of numerous engineering plastics with respect to the mechanical properties G. Kalácska Abstract. Twenty-one different commercial-grade engineering polymers, including virgin and composite types, were selected for testing, based on mechanical engineering practices. Three groups were formed according to typical applications: 1) Sliding machine element materials; 2) Mechanically load-carrying machine element materials that are often subjected to friction and wear effects; and 3) Additional two amorphous materials used as chemically resistant materials that have rare sliding load properties. The friction running-in state was tested using a dynamic pin-on-plate test rig. During steady-state friction tests, two pv regimes (0.8 and 2 MPa"ms -1 ) were analysed by a pin-on-disc test system. Based on the measured forces on ground structural steel, surface friction coefficients were calculated and analysed with respect to the mechanical effects of friction. The friction results were evaluated by the measured mechanical properties: yield stress, Shore D hardness, Young's modulus and elongation at the break. The three material groups exhibited different trends in friction with respect to changing mechanical properties. Linear (with varying positive and negative slopes), logarithmic and exponential relationships were observed, and occasionally there were no effects observed. At steady-state friction, the elongation at the break had less effect on the friction coefficients. The dynamic sliding model, which correlates better to real machine element applications, showed that increasing hardness and yield stress decreases friction. During steady-state friction, an increase in pv regime often changed the sign of the linear relationship between the material property and the friction, which agrees with the frictional theory of polymer/steel sliding pairs.
3] and was published in the former German standard DIN 50322 [4] in the section on wear test categories. The tribology of polymeric materials involves complicated frictional systems where the deformation and thermal effects of the contact zone, time-dependent stress states, surface energy characteristics, etc., play important roles [5] . Because polymers have gained a more accepted position among industrial materials, plastics are no longer second-class materials. They have become elements of real machines, and the need for tribological knowledge has risen from the many frictional applications now involving plastics. Some general knowledge of polymers and composites has been published summarising global experiences, e.g., wear mechanism and particle detachment, transfer films, and the effects of reinforcements and lubricants [6] [7] [8] . Large numbers of papers have addressed a given material family, e.g., polyamides, under different conditions, such as abrasive effects [9] [10] [11] [12] . With respect to dry or lubricated conditions of polymer sliding, the principles of some commonly used material families have been tested, and the role of adhesion and surface energy has been discussed [13, 14] . There have been initiatives to find the correlation between the wear behaviour and the mechanical properties of polymers, but difficult or weak correlations have been found, primarily because of the limited condition of the wear systems and the selected material families [15] [16] [17] [18] . In recent years, research has focused on the surface-modified engineering polymers and nano-composites because of new technology that enhances the tribological behaviour by changing the molecular or matrix structure to change the surface or bulk properties [19] [20] [21] .
In the tribological literature of engineering polymers, most of the research is related to materials, material families or operating conditions. Little information is available regarding mechanical engineering applications to compare the different material families and typically applied material groups. The present research investigates the frictional behaviour of several engineering polymers in sliding and mechanical load-carrying applications to determine trends between the mechanical properties and friction.
Selected materials and their mechanical properties
The engineering plastic samples tested were machined from commercially available semi-finished stock shapes, namely, from rods. Table 1 shows the materials  and the published compositions, while Table 2 shows the measured properties in the three material groups: a) sliding, b) load-carrying and c) other amorphous structural materials. The selected sliding materials are typically used for slide bearings, trust washers, sliding supports and pads, gears and worms, where pv (normal load multiplied by sliding speed) is the basis of the construction and the design. The plastics of the second group often face significant mechanical loads in addition to friction effects. The third group (amorphous PES and PSU) is rarely subjected to frictional loads, although it is possible. The target applications for PES and PSU focus mainly on chemical and heat resistance. The knowledge, experiences and suggestions for engineering solutions of the main producers (Quadrant, Ensinger, and Röchling) serve as the basis for the grouping.
3. Experimental design 3.1. Pin-on-disc and dynamic pin-on-plate test systems To measure the friction in comparative test systems, the pin-on-disc test method and the dynamic pinon-plate test system are selected, using classical (not overloaded) polymer/steel friction processes [1] , as shown in Figure 1 [22] . The load and sliding speed values of the test systems correspond to dry slide bearing applications of engineering plastics with high safety factors. After starting, the friction coefficient increases during the running-in period. During the running-in period, the contact zone is being reformed and restructured (e.g., the topographical and surface layers), strongly influencing the steady-state friction behaviour and the real working lifetime. After the running-in period, a transient zone appears where the maximum coefficient of friction can be measured. During the running-in, a polymeric film forms on the micro-topography of the steel surface. An increasing force is then required to continue the sliding process because of the interfering mechanical cutting and forming of the contact zone and adhesive effects between the materials. As the polymer film forms, the adhesive component of the friction increases from the polymer/polymer contact, which has stronger adhesion than the steel/polymer contact. At the maximum point of friction in the transition zone, the re-adhesion process of the polymer film starts to provide a dynamic balance during further sliding, resulting in what is termed the steady-state of friction (force and coefficient). This phenomenon is shown in Figure 2 [22] . As shown in Figure 1 , the pin-on-disc measuring system evaluates the friction process at steady-state in two pv regimes, characterising the µ max and µ av (average). The pv regimes set for the tests are typical for the normal application of plastic machine elements having a high safety factor. The difference between the two systems is the normal load; the sliding speed is held constant. During the evaluation, it is important to know how the change in normal load influences the frictional force and coefficient [1, 22, 23] (Figure 3 ). According to the theory of friction [5, 23] , the dry friction force, F f , is equal to the sum of the adhesion and the deformation components,
The special case at low loads, when the deformation component may be orders of magnitude smaller than the adhesion component (F a >> F d ), leads to the relation F f # F a . The research results will show that the set pv-s yields near-optimum ( Figure 3 ) friction values for most of the selected materials. The dynamic pin-on-plate test system was utilised during the running-in period. Dynamic 1 represents one sliding cycle of the programmed sliding path, while dynamic c refers to the complete dynamic test program, i.e., five repeated cycles of the programmed sliding path. The dynamic modelling method and test rig were developed at Szent István University, where a better laboratory model of the real dynamic effects of the machine elements could be made. The details of the method have been described previously [24] . 
Test conditions

Results and discussion 4.1. Comparison of the measured friction data
The friction results are summarised in Table 4 (by test system) and illustrated in the graphs in Figures 6-8 . In Figure 6 , the dynamic pin-on-plate results are summarised. The data show that the short sliding distances result in relatively low friction values, characteristic of the running-in period of friction, as illustrated in Figure 1 . Among the machine element materials, PA6G/PE, PETP and the PETP/PTFE composites experienced a sudden change in friction, implying the rapid formation of a polymer film that changed the properties of the mechanical deformation, mechanical cutting and adhesion in the contact zone. The summary of the pin-on-disc I measurements is shown in Figure 7 . The relatively low (0.8 MPa"ms -1 ) pv regime resulted in a moderate difference between the material groups, with the exception of the amorphous materials (PES and PSU). The stabilised friction coefficients of material group 1 are 5-10% lower than those of material group 2. In material group 1, the difference between µ max and µ av is generally smaller than it is for the others, indicating a smooth transition zone (see Figures 1 and 2 ) with an even transfer layer. The results of increased load effects (pv = 2 MPa"ms -1 ) are measured using pinon-disc measurements and shown in Figure 8 . The pin-on-disc system II (Figure 8 ) test results, compared to the system I test results (Figure 7) , show that most of the materials from category 1 resulted in lower or similar friction with the increased load. For those materials, e.g., PTFE, PETP/PTFE, and PA6G (Mg)/oil, the test systems worked on the left side of the friction optimum point, as shown in Figure 3 . This behaviour is in agreement with friction theory [5, 23] and is the result of the lower surface adhesion of slidinggroup materials. Many other plastics, e.g., PA4.6 and PEEK, worked on the right side of the optimum point (Figure 3) , that is, the increased load resulted in higher friction. The friction data were evaluated as a function of the measured mechanical properties. The material groups were thus distinguished. PES and PSU were categorized in group 2 but did not follow the group trendlines, most likely because PES and PSU differ from the other tested materials not only in molecular structure but also in friction behaviour.
Friction coefficients and yield stress
The relationship between the friction values and yield stress is shown in Figure 9 . During the running-in period, when the dynamic changes of speed and load temporarily reach the highest load (pv = 8 MPa"ms -1 ), the friction decreases with increasing yield stress (Figure 9a) . A powerfunction curve is an estimate for the first cycle of the dynamic test, but the complete program (five cycles) results in too much scatter to perform a curve-fit. This trend can be explained by the role of the still-weak effects of the generated frictional heat and also by the actual size of the contact area. Each test system shows that the group of sliding machine element materials (material group 1) offers lower friction coefficients compared to the structural and load-carrying plastics (material group 2). In the pin-on-disc test systems, the 'R' property has little effect on friction. At the lower pv regime (pinon-disc I test system, pv = 0.8 MPa"ms -1 ), 'R' does not influence the friction in the case of material group 2. For material group 1, except during the running-in period, the friction increases slightly with increasing 'R' as a result of deformation and adhesion because of the varying adhesion forces occurring in the dynamic balance of the polymer film formation with respect to the minimal deformation at low loads (Figure 9b ). The elevated load in the pinon-disc II test system affects the result. 'R' has no effect on material group 1, but for material group 2, higher 'R' values cause a slight increase of friction (Figure 9c ).
Friction coefficients versus the elongation
at the break Figure 10 shows the friction coefficients versus the elongation at the break. For the first cycle of the dynamic test system (Figure 10a) , the relationship is logarithmic and linear. Higher 'A' values result in increased friction, even for material group 2. This behaviour relates to the role of adhesion: higher strain can cause higher deformation, enlarging the actual contact area. Based on the pin-on-disc test system results, the elongation at the break ('A') has a weak effect on friction. At lower loads (Figure 10b ), an increase in 'A' causes a negligible decrease of friction for material group 1 and a slight increase of friction for material group 2. With the elevated loads (pin-on-disc II), no effect of 'A' on friction was observed (Figure 10c ). Figure 11 shows the friction coefficients versus Young's modulus. During the running-in period, there were similar results for the dynamic pin-onplate test for both material categories. An optimum 'E' value is shown for sliding and load-carrying plastics in cycle 1. In the test system, the optimum 'E' is approximately 5000-6000 MPa. This value is system-dependent as it depends on the surface roughness, the metallic composition of the mating surface and other system features (e.g., temperature). The test system was designed using typical engineering solutions. After five cycles, near the transition, the scatter in the data (Figure 11a) is too large to define any specific trend. During steady-state friction, the pin-on-disc measurements primarily show a linear relationship between the friction and Young's modulus ('E'). The relationship changes with the load level of the systems. For pinon-disc I, an increase in 'E' causes a larger increase in friction for material group 1 than for material group 2 (Figure 11b) . At low load levels, this phenomenon may be due to adhesive effects from the higher surface energy, in accordance with the adhe- sive theory of friction [5, 23] . It is known that in PEEK or PEEK composites, both the 'E' value and the surface energy are higher than in other materials, such as UHMW-PE. The increased load level in the pin-on-disc II tests shows different trends between friction and 'E', as well (Figure 10c ). The deformation and adhesion work together to form the resulting friction changes for material group 2 but provide no significant change for material group 1.
Friction coefficients in the function of modulus of elasticity
Friction coefficients plotted against
Shore D hardness Figure 12 shows the relationship between the Shore D hardness and friction. The dynamic tests show that during the early stage of friction, the increased hardness is advantageous and results in lower friction in both material groups because of lower deformation and smaller actual contact area, resulting in lower mechanical and adhesive forces. Nearing the transition zone (Figure 1 ) during the complete dynamic test, the forming polymer layer and its adhesive effect change the dynamic, and the scatter in the data (Figure 12a) is too large to indicate a trend. The steady-state friction measurements revealed that the role of the surface hardness changes. At lower loads (Figure 12b) , the hardness has no significant effect on the observed friction in material group 2, but a slight increase of friction with hardness in material group 1 reflects the different adhe- sion and surface energy of the plastics. Increasing the load (pin-on-disc II) modifies the effect (Figure 12c) of the hardness on the friction. In the case of material group 1, the plastics having a Shore D hardness of 80 or higher exhibited lower friction; those materials in the pin-on-disc I system worked in the zone to the left of the optimum point of friction (according to the friction theory in Figure 3 ), but at higher loads, they worked in the zone closer to the optimum point. This was not the case for material group 2. Those plastics worked around the optimum point or in the zone to the right of the optimum point (in Figure 3) in the pin-on-disc I system, and at higher loads, they moved away from the optimum point to higher values.
Conclusions
Twenty-one different engineering polymers separated into three groups (semi-crystalline materials of sliding machine elements, semi-crystalline materials of load-carrying machine elements, and amorphous engineering plastics) were tested during both the running-in period and steady-state friction, and dynamic effects and different load levels (pv = 0.8 and 2 MPa"ms -1 at steady state friction) were applied according to plastic engineering practices. Using pin-on-plate and pin-on-disc test rigs, the dry friction coefficient against a ground structural steel surface was determined. The data were evaluated as a function of various mechanical properties. In the test systems (engineering modelling applications), the following relationships were found: -$During the running-in period, the friction coefficient decreased with increasing yield stress and Shore D hardness. Friction increased with higher elongation at the break. µ had an optimum point (minimum) as a function of Young's modulus. -$During steady state friction under the lower load value the following relationships were found:
• Friction increased with increasing yield stress, Young's modulus, Shore D hardness, and the effect of the mechanical properties on friction was stronger for material group 1 (sliding materials) than for material group 2.
• Friction decreased with increasing elongation at break for the sliding material group, but no significant effect was found for the load-carrying material group. -$At the elevated load level (pv = 2 MPa"ms -1 ) in the pin-on-disc system, the following friction changes resulting from the effects of the deformation and adhesion components were observed: • In the sliding material group, the mechanical properties showed no significant effects on friction. • In the load-carrying material group, the elongation at the break had no effect on friction, while increasing the yield stress, Young's modulus and the Shore D hardness increased friction. -$The results from the amorphous PES and PSU materials showed poor friction performance. These materials cannot be compared to the semicrystalline engineering plastics and are not recommended as structural materials supporting a frictional load. 
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